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Flat-bands in magic angle twisted bilayer graphene (MATBG) have recently 
emerged as a rich platform to explore strong correlations, superconductivity and mag-
netism. However, the phases of MATBG in magnetic field, and what they reveal about 
the zero-field phase diagram remain relatively unchartered. Here we use magneto-
transport and Hall measurements to reveal a rich sequence of wedge-like regions of quan-
tized Hall conductance with Chern numbers C = ±1, ±2, ±3, ±4 which nucleate from inte-
ger fillings of the moiré unit cell 𝜈 = ±3, ±2, ±1, 0 correspondingly. We interpret these 
phases as spin and valley polarized Chern insulators, equivalent to quantum Hall ferro-
magnets. The exact sequence and correspondence of Chern numbers and filling factors 
suggest that these states are driven directly by electronic interactions which specifically 
break time-reversal symmetry in the system. We further study quantum magneto-oscil-
lation in the yet unexplored higher energy dispersive bands with a Rashba-like disper-
sion. Analysis of Landau level crossings enables a parameter-free comparison to a newly 
derived “magic series” of level crossings in magnetic field and provides constraints on the 
parameters w0 and w1 of the Bistritzer-MacDonald MATBG Hamiltonian. Overall, our 
data provides direct insights into the complex nature of symmetry breaking in MATBG 
and allows for quantitative tests of the proposed microscopic scenarios for its electronic 
phases.  
Electron interactions can break the underlying symmetries of condensed matter systems 
and drive the formation of a multitude of exotic quantum phases. In twisted bilayer graphene 
rotated by the magic angle of θm ≈ 1.1° (MATBG), ultra-flat moiré bands (1-6) host strongly 
interacting electrons which give rise to a plethora of phases including correlated insulators 
(CI)(1, 7-10), superconductors (SC)(2, 7, 11-21) and orbital magnets (OM)(7, 22-24). The mul-
titude of phases observed in MATBG suggests the presence of many interesting low-energy 
states in the many-body spectrum, some of which can be stabilized by external knobs such as 
pressure, strain and fields.  However, to this date the exact nature of the interaction-driven 
symmetry broken ground states is still not well understood. Recently it was proposed that the 
two spin and valley degenerate flat-bands can be understood as a series of 8-fold (quasi-)de-
generate topologically non-trivial bands with opposite Chern numbers C = 1 and C = -1 (25-
34). However direct experimental evidence of these states remains scarce (12, 31-33). Moreo-
ver, the nature of the high-energy dispersive bands and the possible phases that can appear at 
higher filling factors has not been explored. 
To reveal the (topologically) non-trivial properties of the low-energy states of MATBG, 
it is necessary to gap them and lift their degeneracy. The single-particle band-structure of 
  
 
MATBG obeys the inversion and time-reversal symmetries C2T, which protects Dirac points. 
Breaking this symmetry can create a gap and give rise to Chern insulators with quantized Hall 
conductance. This has been achieved in the past by breaking the C2 lattice symmetry at the 
single-particle level by structural alignment with hexagonal boron nitride (hBN) substrates (22-
24). Recent studies also observed Chern insulators in devices without hBN alignment and 
hence without explicit single-particle symmetry breaking (7, 12). For these samples, strong 
electronic interactions could directly break one or both of the C2 and T symmetries and valley 
polarize the system, creating isolated (quasi-)flat-bands in the K and K’ valleys and giving rise 
to a sequence of quantum Hall ferromagnets.  
Here we report on detailed magneto-transport studies of several twisted bilayer gra-
phene devices close to the firsts magic angle θ = 1.03° - 1.15°, which were specifically not 
aligned to the insulating hBN substrates. Fig. 1a displays the schematic of the typical devices, 
which consist of a quadruple van der Waals hetero-structure of graphite/hBN/MATBG/hBN. 
We perform four-terminal longitudinal resistance Rxx and Hall resistance Rxy measurements, 
where the carrier concentration n in the MATBG is continuously controlled by a voltage Vg on 
the graphite gate. We normalize n by ns = 4n0, the density of the fully filled 4-fold spin and 
valley degenerate moiré bands, and define the filling factor of carriers per moiré unit cell ν = 
n/n0. Applying a perpendicular magnetic field B⊥ at T = 1.5K in Fig. 1b and c, reveals a set of 
broad wedge-shaped regions in the n-B phase-space where longitudinal resistance Rxx ~ 0 Ω 
and Rxy ~ h/Ce2 (where e is the electron charge, h is Planck’s constant). These quantized regions 
follow a linear slope of dn/dB = Ce/h which can be traced to different integer fillings ν at B = 
0. These singular states show a clear correspondence between Chern number and filling factor 
(C, ν). We find a robust sequence for the (±4, 0), (±3, ±1), (±2, ±2) and (±1, ±3) states in 
different devices (12), as is summarized in Fig. 1e, which shows the schematic of their cumu-
lative phase diagrams. 
At lower T, we also observe a clear set of Landau level (LL) fans, which follow the 
typically reported 4-fold degeneracy at the charge neutrality point (CNP) (SI). Strikingly, the 
energy gaps associated with these states are up to an order of magnitude smaller than the gaps 
of the (C, ν) states, which have values of ~1meV (see SI). The (C, ν) states are more visibly 
pronounced, and some already quantize below B⊥ < 0.3T and T < 10K (SI), in contrast to LL 
quantization, which in MATBG occurs typically above B⊥ > 3T and below T < 1K. This allows 
us to disentangle these gaps by elevating T, and to observe their robust and unperturbed se-
quence. However, these states do not form in zero B⊥-field; even though they require a B⊥-field 
to nucleate, the (±4, 0), (3, 1) and (-2, -2) already form at a negligibly small B⊥ > 0.1T. The 
very small values of the field for which these states appear, especially the (-2,-2) state (12), 
suggests they are very competitive to the true ground-state in zero field. In contrast the (-3, -1) 
and (±1, ±3) states require higher fields of B⊥ > 2T. Fig. 1e summarizes the corresponding 
critical B⊥-fields for all the states and devices. 
 
We interpret these states as correlated Chern insulators (CCI) stabilized by interactions 
and small B⊥-field. These states are possible because the underlying flat-bands of MATBG can 
be thought of as Chern bands with 8-fold valley, spin and sub-lattice degeneracy, which carry 
opposite Chern numbers C = 1 and C = -1 (25-34). Lifting the degeneracy of these bands by 
gaping out their Dirac points and polarizing them can create topologically non-trivial gaps, in 
direct analogy to quantum Hall antiferromagnets (36-38). In order to explain the data, the 
breaking of degeneracy has to happen in a T-breaking rather than C2 breaking fashion. Overall 
this picture can well explain the observed pecking order of the Chern numbers between neigh-
boring states, which indicates that starting from ν = 0, the total Chern number of C = 4 is 
  
 
decreased by 1 when ν is increased to the next integer value on the electron side. Equivalently, 
on the hole side, starting from C = -4 at ν = 0, C increases by 1 when ν is decreased to the next 
integer value. This can be understood as the repeated filling of bands with Chern number C = 
-1, for electrons and C = 1 for holes, in the valley and spin sub-bands (31-33) (Fig. 1d).  
 
The exact sequence of Chern numbers at different fillings gives insight into the domi-
nant symmetry breaking mechanisms. Unlike in previous studies, where C2 symmetry was de-
liberately broken by structural alignment of MATBG with the hBN substrates, we avoid this in 
our devices, by keeping the angle between the crystallographic orientations of MATBG and 
hBN θ > 10°. Generally, broken C2  symmetry (and keeping T unbroken) leads to a sign reversal 
of the Chern numbers in the K and K’ valleys, while in contrast, broken T symmetry (and 
keeping C2 unbroken) is expected to preserve their Chern numbers. This can have a clear im-
print on the resulting many-body states and the predicted Chern states for each ν. While break-
ing either symmetry predicts the (±4, 0), (±2, ±2) and (±1, ±3) states, C2 breaking predicts the 
existence of the (±1, ±1), instead of the (±3, ±1) which is predicted from T symmetry breaking 
and observed in the experiment (31-33). We suggest therefore that interactions in B⊥-field in 
MATBG specifically break time reversal symmetry.  
 
A central question is why the Chern insulators require a non-zero B⊥-field to nucleate. 
Since the (±4, 0), (3, 1) and (-2, -2) states occur already in the weak field limit as low as B⊥ ~ 
0.1T, which corresponds to a negligibly small magnetic flux per moiré unit cell of only Φ < 
0.01Φ0 (where Φ0 is the flux quantum), we find unlikely a mechanism associated with the onset 
of Hofstadter sub-bands (33). One strong hypothesis could be that the symmetry breaking 
many-body state which gives rise to the Chern insulators may already exist at B⊥ = 0 but the 
phase is obscured by disorder and phase separation into domains until B⊥-field aligns and sta-
bilizes it (39). Another contending, more probable scenario is that at B⊥ = 0 many-body states 
with Chern numbers closely compete with one another, including topologically trivial C = 0 
states, where the application of B⊥ favors states with higher C values (42-44). 
 
  The symmetry and topology of the underlying ground state has dramatic implications 
for the understanding of the possible mechanisms responsible for all other emergent phases 
like correlated insulators (1, 7-10), superconductors (2, 7, 11-21), and orbital magnets (7, 22-
24), which we also observe in the reported devices (Fig. 1e and Fig. 2a-c). Their phase-space 
lies close to the Chern insulators, where most samples display robust SCs and topologically 
trivial insulators around ν = ±2. In particular, device A2 shows a record high critical SC tem-
perature for MATBG devices of Tc ~ 5K (Fig. 2b), and strong resistance peaks at half-filling 
which interrupt the SC domes (Fig. 2a). However, in the previously reported device D1 (12), 
we did not observe a C = 0 insulator at ν = -2, where instead we have found a broad SC dome 
region and a C = -2 CI which is formed above B⊥ > 0.2T. In addition, in device A3 at ν = 1 we 
observe an OM at B⊥ ~ 2T very close to a forming CI (Fig. 2c), likely created through a similar 
microscopic mechanism. Overall these findings may suggest a close competition between top-
ologically trivial and non-trivial insulators at B⊥ = 0, which directly impacts the SC and OM 
phases.  
 
 We further tune the carrier density beyond full-filling of the flat-bands ׀ν׀ > 4, and pop-
ulate the yet largely unstudied higher energy dispersive bands of MATBG. Fig. 3a shows the 
calculated energy dispersion of MATBG using the Bistritzer-MacDonald model (3) including 
corrugations (see SI). The lowest lying two 4-fold degenerate higher energy bands can be mod-
eled with a Rashba-like Hamiltonian, i.e. a two-band model to order O(k2) that transitions from 
a Dirac point into quadratic free electron bands (Fig. 3b). The model can be justified by a 
  
 
perturbative calculation, and the trigonal-distortion terms are also computed (see SI). The 
Rashba-like Hamiltonian does not originate from spin-orbit coupling, which is negligible in 
these samples, but from crystalline terms. In this regime we perform B⊥-field dependent Rxx vs. 
v measurements, which reveal a rich 4-fold degenerate LL spectrum with a multitude of well 
pronounced LL crossings (40,41), Hofstadter sub-bands and a new set of LLs at ׀ν׀ = 8 (Fig. 
3c). These features are well developed in all devices, and show relatively electron-hole sym-
metric features in the valence and conduction bands.  
 
We exactly solve the Rashba Hamiltonian in B⊥-field and obtain LLs (see SI) which are 
in excellent quantitative agreement with the experimental findings. The calculation reveals a 
series of LLs, each carrying Chern number C = 4, that interpolate between the Dirac node and 
quadratic free electron regimes. Critically, all the LLs undergo a series of crossings, or gaps 
closings, as is calculated (see SI) and experimentally seen in Rxx vs. v vs. B⊥ measurements 
close to the band-gaps in Fig 3c, and in Fig. 3f which converts the same data for clarity into Rxx 
vs. C vs. 1/B⊥. The LL crossing between the nth and (n+1)th LLs happen at a well-defined field 
B⊥ = B* (Fig. 3d), and can be understood as an interruption of the LL gap with C = n in the LL 
fan diagram, however the gap reappears again at a higher field (Fig. 3e). Each LL gap is inter-
rupted several times, where we count the different generations of crossings for each LL from 
high to low B⊥. We extract the B* values for all the LL crossing from Fig. 3c and f, normalize 
these to B*׀24׀,3, the field at the 3rd crossing of the LL with C = ±24 (for electrons and holes 
respectively), and fit them with our calculations in Fig. 3g. This allows us to extract an estimate 
of the Rashba coupling parameter ξ (see SI). Moreover, we find that the ratios between all B* 
values are independent of all the parameters of the low energy Hamiltonian, and so present a 
stringent, parameter-free test of the physics – we call them the “magic series”. The two corru-
gation parameters w0 and w1 of the Bistritzer-MacDonald Hamiltonian are constrained by the 
measured Rashba coupling ξ = 0.186/Ω (in units where ħ = 1 and Ω= 2√3(13.5nm)ଶ is the 
area of the moiré unit cell), presenting a direct estimation of the physical parameters of 
MATBG (see SI). Neglecting the particle-hole symmetry breaking, we find that the ranges 0.7 
≤ w0/(vF kD/√3) ≤ 0.8 and 0.95 ≤ w1/(vF kD/√3) give good agreement with the measurements of 
the Rashba coupling, where vF is the Fermi velocity and kD is the moiré wavevector (28,43,44). 
 
In summary, our data provides a new and detailed view of the high B⊥-field phase dia-
gram of MATBG and demonstrates its underlying topologically non-trivial properties, which 
are revealed by interaction-driven symmetry breaking. Our experimental and theoretical anal-
ysis imposes stringent boundary conditions for microscopic scenarios for its complex electronic 
phases. Detailed analysis of the states in the upper passive bands revealed a remarkable agree-
ment between theory and experiment, enabling a novel method of extracting the band parame-
ters of the Bistritzer-MacDonald Hamiltonian.  
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Fig. 1. Emergent correlated Chern insulators in MATBG. (a) Schematic of the hBN encap-
sulated and graphite-gated MATBG device. (b) Color plot of Rxx vs. ν and B⊥, measured at T = 
1.5K. White lines indicate the trajectories of four different topologically non-trivial Chern gaps 
with (C, ν) indices (4,0), (3,1), (2,2) and (1,3). (c) (upper panel) Corresponding Hall conduct-
ance 𝜎𝑥𝑦 vs. ν and B⊥. (lower panel) Line-cuts showing quantized 𝜎𝑥𝑦 and vanishing longitudi-
nal conductance of the Chern insulators at B⊥ = 8T. (d) Schematic of the proposed band ar-
rangement sequence for the symmetry broken topological bands and correlated Chern insula-
tors at different fillings (ν = 0, 1, 2 ,3).  We note that a valley coherent configuration for the 
(2,2) state is also allowed (Extended Data). (e) Cumulative phase diagram schematic of several 
devices, summarizing the observed correlated Chern insulators (CCI), superconductors (SC) 
and orbital magnets (OM) in the ν-B⊥ plane. The position of the device icons for each CCI 
corresponds to the critical B⊥-field values at which these states form. Similarly, the optimal 
doping positions for SC are marked by corresponding device icons.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 2. Correlated insulators, superconductors and orbital magnets in MATBG. (a) Rxx vs. 
ν of device A2 at different temperatures, shows well developed CI at ν = ±2, as well as SC 
regions, which are shown in (b) Temperature dependence of Rxx at optimal doping (ν = 2.5) 
showing a critical temperature Tc = 5K, which is defined by the temperature of 50% normal-
state resistance. The inset shows differential resistance measurements dVxx/dI vs. bias current 
I, showing a sharp SC critical current transition. (c) Hysteresis loop reveals an orbital magnet 
state in device A3 at filling ν = 0.96 and T = 100mK (bottom panel), which exists only in a 
narrow window of filling and B⊥-field, which is seen by the non-zero resistance change be-
tween up and down sweeps ΔRxx (top panel). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 3. Rashba-like bands and Landau level crossings in higher energy dispersive bands. 
(a) Band-structure (single valley and single spin) of MATBG. (b) Zoom-in on the higher en-
ergy dispersive bands, which can be approximated by a Rashba-like energy dispersion. (c) 
Color plot of Rxx vs. ν and B⊥ measured at T = 30mK, where we mark the Chern numbers of 
most dominant LL gaps. (d) Illustration of LL gap closings by two intersecting Landau levels 
at B*. (e) Corresponding LL fan diagram in the n-B⊥ plane shows interrupted LL gaps. (f) Color 
plot of Rxx vs. C and 1/B⊥ (with data from hole side of (c)), shows interrupting trajectories of 
the different LL gaps, marking the corresponding gap closings. (g) Comparison of the LL gap 
closings between experiment and theory, normalized to B*׀24׀,3, the field of the third-generation 
gap closing of the C = ±24 LL gaps (for electrons and holes respectively).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Materials and Methods 
 
Device fabrication  
The MATBG samples were fabricated using a “cut-and-stack” method. The graphene 
was cut into two pieces using an AFM tip to prevent any unintentional strain during the tearing 
process. Then, a stamp of PC (poly-bis-phenol A carbonate) /PDMS (polydimethylsiloxane) 
mounted on a glass slide was used to pick up an hBN flake (typically 10-15 nm thick) at 100-
110°C. The hBN flake was then used to carefully pick up the first half of the pre-cut graphene 
piece from the Si++/SiO2 (285nm) substrate. The second layer of graphene was rotated by a 
target angle of θ = 1.1°-1.2° and picked up simultaneously by the hBN/graphene stack from 
the last step at 100°C. Subsequently, another hBN layer was picked up to completely cover the 
tBLG. Final layer of the heterostructure consists of a few-layer of graphite, which acts as a 
local back gate. In the end, the PC was melted at 180°C and the full stack was dropped on an 
O2 plasma cleaned Si++/SiO2 chip. Electrical connections to the tBLG were made by CHF3/O2 
plasma etching and deposition of Cr/Au (6nm/50 nm) as metallic edge contacts.  
 
Measurements 
All of our transport measurements were carried out in a dilution refrigerator (BlueFors 
SD250) with a base temperature of 20mK. We have used a standard low-frequency lock-in 
technique (Stanford Research SR860 amplifiers) with an excitation frequency f = 13.111 Hz. 
To achieve a lower electron temperature in our measurements, we used very low excitation 
current (~ 10 nA) owing to the risk of overheating electrons and the fragility of superconduc-
tivity phases.  Keithley 2400 voltage source meters was used to control the back gate voltage. 
The differential resistance dVxx/dI was measured with a ~1 nA AC excitation current applied 
through a AC signal generated by the lock-in amplifier in combination with a 10 MOhm resis-
tor. DC bias current was applied through a 1/100 divider and a 1 MOhm resistor before com-
bining with the AC excitation. As-induced differential voltage was further measured at the 
same frequency of 19.111Hz with standard lock-in technique. We also performed electronic 
filtering of the measurement setup using a network of commercially available low-pass RC and 
LC filters.  
 
Twist angle extraction  
The phase diagrams shown in Extended Data Figure 3-5 are used to estimate the twist 
angle 𝜃 in the measured devices. We use the relation, 𝑛ௌ = 8𝜃ଶ √3⁄ 𝑎ଶ, where 𝑎 = 0.246 nm is 
the lattice constant of graphene and 𝑛ௌ is the charge carrier density corresponding to a fully 
filled superlattice unit cell. Quantum oscillations propagating outside of the fully filled flat 
band was used to define 𝑛ௌ. The carrier density was calibrated with trajectory of LLs and low-
field Hall effect. We find the twist angle in A1 of θ ≈ 1.04°, A2 of θ ≈ 1.03°, A3 of θ ≈ 1.10°. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Supplementary Text 
1. Device information 
We have measured three different devices with twist angles θ [(A1 =) 1.04°, (A2 =) 1.03° 
and (A3=) 1.1°] very close to magic angle. Extended Data Fig.1 shows the optical images of all 
the final devices. 
Extended Data Fig. 1 ǀ Optical images of the device A1, A2, A3. (a) A1; (b) A2; (c) A3. The 
optical image of final devices etched in multi-terminal Hall-bar geometry from graph-
ite/hBN/MATBG/hBN stack. The red and blue lines in the device region mark the probes used 
for the measurement of Rxx and Rxy respectively. Scale bars are 5 μm.     
 
2. Hall effect:  
We have also measured Hall effect at relatively lower magnetic field for all the devices. 
Extended Data Fig. 2 shows the Hall carrier density (𝑛ு) as a function of gate voltage induced 
total carrier density 𝑛 for device A1. Hall density 𝑛ு  was calculated from the measured trans-
verse resistance and using the relation, 𝑛ு = −𝐵 𝑒𝑅௫௬⁄ . In an uniformly gated 2D electronic 
system, we could expect 𝑛ு = 𝑛. Fig. 2a exactly shows this linear region near CNP. However, 
as we reach the half filling of the superlattice unit cell, 𝑛ு becomes almost zero hinting the 
formation of a gap. Beyond half-filled state 𝑛ு gets reset by another slope due to the formation 
of a new Fermi surface. The light green and orange regions correspond to the ν = ±2, ±4 states. 
Additionally, we have also observed the quantization of all the Chern states at higher magnetic 
field (B = 6 T). Fig. 2b is the transverse conductivity plot as a function of carrier density. 
Quantization of different Chern states at different integer value further confirms their existence.  
Extended Data Fig. 2 ǀ Hall measurement for device A1. (a) Hall density (nH) as a function 
of total carrier density (n) extracted from Hall measurement at B =1 T. (b) Transverse conduc-
tivity σxy (e2/h) as a function of carrier density. Plateaus correspond to the quantization of dif-
ferent Chern insulators.  
  
 
3. Landau fan diagram of MATBG inside the flat band: 
Extended Data Fig. 3-5 demonstrate the Chern insulating states combined with the Landau 
levels inside the flat band of MATBG. Similar as the spectrum in main Fig. 1b, all the devices 
show clear evidence of Chern insulator. Device A1 has prominent Chern insulators with Chern 
number C = ±4, 3, 2, 1 emerging from the subsequent superlattice unit cell filling of ν = 0, +1, 
+2, +3 without interrupted by any Landau gaps. Since we did not observe Landau levels in this 
device even at lowest temperature, signature of Chern states confirms their robust topological 
origin. However, device A2 and A3 has the similar Chern states along with the Landau levels 
emerging from CNP and ν = +2 state. A3 shows all the above-mentioned Chern states accom-
panied by C = -2 insulators emerging from ν = -2. In addition, it has a new set of Landau levels 
emerging from ν = ±2 states confirming the formation of new Fermi surface. In devices A2 and 
A3 we observed signature of several Chern insulators (C = ±1, ±2, ±3) emerging from a single 
filling, ν = ±3, which hints the competition between different Chern numbers. However, they 
are not fully developed due to the interruption by ν = ±3 interaction induced gap. We also 
observed a signature of orbital magnet at ν = +1 state in device A3 (will be discussed later). 
 
Extended Data Fig. 3 ǀ Full range magnetic field phase diagram of flat band in device A1 
at 30 mK. (a) Longitudinal resistance (color plot) as a function of filling factor, ν and magnetic 
field B⊥. (b) Schematics of the Landau level and Chern insulators shown in (a). Dark orange 
lines correspond to the Chern insulators (C, ν) = (±4,0), (3, 1), (2, 2), (1,3). Blue lines are the 
Landau levels emerging from CNP. Light orange regions define the position of superconductors 
in the phase space.  
 
 
 
 
 
 
 
  
 
Extended Data Fig. 4 ǀ Full range magnetic field phase diagram of flat band in device A2 
at 30 mK. (a) Longitudinal resistance (color plot) as a function of filling factor, ν and magnetic 
field B⊥. (b) Schematic image of the Landau level and Chern insulators shown in (a). Dark 
orange lines correspond to the Chern insulators (C, ν) = (±4,0), (±3, ±1), (2, 2). The blue lines 
correspond to the different Landau levels emerging from ν = 0, -2. Light orange regions mark 
the superconductors. 
Extended Data Fig. 5 ǀ Full range magnetic field phase diagram of flat band in device A3 
at 30 mK. (a) Longitudinal resistance (color plot) as a function of filling factor, ν and magnetic 
field B⊥. (b) Schematic of all the phases. Dark orange lines correspond to the Chern insulators 
(C, ν) = (-4,0), (±2, ±2), (1,3). The blue lines correspond to the different Landau levels emerg-
ing from ν = 0, ±2, -3. Light yellow region mark the position of orbital magnet originating from 
ν = 1.  
  
 
4. Gap extraction for Chern insulator: 
Extended Data Fig. 6 shows the temperature dependence of both longitudinal and trans-
verse resistance Rxx, Rxy of the Chern insulators. We have measured the Chern states at several 
temperature starting from 20 mK till 10 K at different magnetic field. Upper panel of Fig. 6 a, 
b, c, d are the plot of Rxx as a function of filling factor ν at 6T for the Chern states (4,0), (3,1), 
(2,2), (1,3). We have observed that the Rxx goes to zero because of the quantization of the state. 
Lower panel is the transverse conductivity σxy as a function of filling factor ν. They are per-
fectly quantized at 4e2/h, 3e2/h, 2e2/h, e2/h respectively. Finally, we calculated the gap of all 
the Chern states from the temperature activation behavior, 𝑅௫௫~𝑒ି௱ ଶ்⁄  at 6T. Fig. 6e is the 
longitudinal resistance Rxx in logarithmic scale as a function of inverse temperature (T-1). By 
the Arrhenius fitting (shown in the corresponding dotted straight lines) we have calculated the 
gaps for each Chern state. Strikingly, these gaps Δ(4, 0) = 11.2K, Δ(3, 1) = 7.1 K, Δ(2, 2) = 10.4 K, 
Δ(1, 3) = 4.4K are much higher than the typical Landau gaps in MATBG. This allows us to 
disentangle Chern states from typical Landau levels in the system.  
Extended Data Fig. 6 ǀ Temperature dependence and gap extraction for all the Chern 
insulators. (a), (b), (c), (d) upper and lower panels shows the longitudinal resistance, Rxx and 
transverse conductivity σxy of the Chern insulator (4,0), (3,1), (2,2) and (1,3) as a function of ν 
taken at several temperatures. Lower panel corresponds to the quantization of σxy below 
600mK. (e) Extraction of gap for all the Chern insulators. Longitudinal resistance Rxx is plotted 
as a function of inverse temperature (T-1) at 6 T. The straight dashed lines correspond to the 
fitting for 𝑅௫௫ = 𝑒−𝛥 2𝑇⁄ . The data is measured for device A1.     
 
5. Superconductivity and correlated insulators: 
In all of our devices, we observed several superconducting domes at different fillings along 
with correlated insulating states sometimes. Main Fig. 1e collectively represents all the SC 
domes in different devices. Extended Data Fig. 7a shows longitudinal resistance Rxx as a func-
tion of filling factor for several temperatures from 100 mK to 40 K. Correlated insulating states 
appeared at ν = ±2 states accompanied by two strong superconducting domes. Fig. 7b corre-
sponds to the temperature dependence of the resistance at optimal doping of the superconduc-
  
 
tor. In this device A2 we have observed a critical temperature of 5 K which is the highest rec-
orded Tc in MATBG devices so far. We further measured the differential conductance dVxx/dI 
as a function of perpendicular magnetic field and d.c. current bias, Idc. Fraunhofer like pattern 
confirms the existence of superconductivity in our devices.  
Extended Data Fig. 7 ǀ Superconductivity in device A2. (a) Longitudinal resistance Rxx vs. 
ν. (b) Temperature dependence of longitudinal resistance Rxx at optimal doping of the 
superconducting dome. (c) Differential resistance dVxx/dI as a function of DC current Idc and 
B⊥ showing Fraunhofer patterns. 
 
6. Magnetism: 
In addition to Chern insulators and superconductors we also have observed a magnetic 
ordered state in device A3 close to ν = +1 state. At zero magnetic field we did not observe any 
peak in Rxx. Above a magnetic field of 1 T a strong hysteretic increase of Rxx appear. As we 
measured Rxx as a function of upward and downward magnetic field, a clear hysteretic behavior 
was observed indicating the formation of a magnetic state. The hysteretic behavior faded out 
above T = 750mK. We further measured the differential resistance as a function of B⊥ and d.c. 
excitation current, which shows a critical current for this state pointing to a typical phase 
transition. 
Extended Data Fig. 8 ǀ Orbital magnetism close to (3,1) state in A3. (a) Temperature 
dependence of the hysteresis loop of longitudinal resistance Rxx as a function of B⊥. (b) Color 
map of differential resistance dVxx/dI vs. DC current Idc and B⊥ with carrier density fixed at ν = 
+1, showing the critical current of the magnetic state. (c) Line-cut of dVxx/dI in (b) at different 
B⊥, with critical current indicated by the deeps of dVxx/dI. 
  
 
7. Hofstadter spectrum of MATBG outside the flat band: 
We further tuned the carrier density in MATBG beyond the flat band to study the higher 
order dispersive bands. Very low charge and twist angle disorder allows us to clearly resolve 
the Landau levels emerging from Rashba-like dispersive band at low magnetic field. Extended 
Data Fig. 9a represents a full range magnetic field phase space of device A1. Apart from all the 
prominent Chern insulators inside the flat band, we observed two sets of Landau levels 
emerging from ν = ±4 which originated from the dispersive band. The Landau gaps from one 
band get interrupted by another set of Landau levels from the other band. Different Landau 
level crossings have been discussed thoroughly in the main text. Moreover, the theoretical 
calculation of Rashba-like dispersive band has been addressed in the next part of 
Supplementary text. We found that experimental value of different gap closings match exactly 
with the theoretical prediction by a parameter independent factor. For the first time, this allows 
us to define the band structure of MATBG at higher energy. To confirm the Chern number of 
a state we also have measured the transverse conductance σxy at 6T. From the quantized plateau, 
we assigned a Chern number to them. Fig. 9b shows σxy and ρxx as a function of ν. Light orange, 
green and yellow regions mark the quantized plateau at 4e2/h, 8e2/h, and 12e2/h respectively, 
which correspond to the Landau level marked in same color in Fig. 9a. 
Extended Data Fig. 9 ǀ Full range magnetic field phase diagram of the higher energy 
dispersive band in device A1 at 30 mK. (a) Longitudinal resistance (color plot) as a function 
of filling factor, ν and magnetic field, B⊥. (b) σxy and ρxx as a function of ν shows clear 
quantization of Chern states outside the flat band. 
 
8. Theoretical Derivation of Rashba Landau Levels: 
We model the low energy behavior of the two passive bands in the Bistritzer-
MacDonald Hamiltonian (see Fig. 3A Of the Main Text) with a two band Rashba-like model, 
defined by 
 
 
 
which describes the low energy theory of a Dirac node (with velocity λ) which interpolates to 
the free electron dispersion with effective mass m. Here we have set ħ = 1. In App. 9, we discuss 
a perturbative derivation of the Rashba form from the Bistritzer-MacDonald Hamiltonian. By 
  
 
canonically coupling this model to a magnetic field, kx → px ≡−i∂x+Ax  and kx → py ≡−i∂y+Ay 
(setting e = 1), we find 
 
 
We follow the well-known procedure of defining the raising and lowering operators a = (px + 
ipy)/(2B)½  and a† = (px - ipy)/(2B)½  which satisfy [a,a†] = 1 and a†a = (kx2 + ky2 − B)/(2B). The 
vacuum |0⟩ is defined such that a|0⟩ = 0. Hence we can rewrite the Hamiltonian as 
 
 
 
The Landau level spectrum is derived by acting H on the Fock states: 
 
 
 
where we have used that a|ℓ +1⟩=(ℓ +1)1/2|ℓ⟩ and a†|ℓ⟩=(ℓ +1)1/2|ℓ +1⟩. There is also a zero-
mode given by 
 
 
 
By diagonalizing the representations of the Hamiltonian on the Fock states, we find the Landau 
levels 
 
 
 
where ξ = 2m2λ2 is the coupling parameter, and 1/m is an overall scale.  
 
We now discuss the degeneracy of each Landau level. In a finite sample of area A = 
NΩ where N is the number of moiré unit cells, each with area Ω, semi-classical quantization 
gives a total number of states N = BA/2π = φ N/2π where φ = BΩ is the flux through a single 
Moire unit cell. We will find it useful to choose units where Ω = 1 so that B = φ. Then the 
density of states per unit cell is n = φ/2π. If C Landau levels are filled, then each of the C levels 
contributes to the density of states and we recover the Streda formula n = C φ/2π, consistent 
with the fact that each Landau band carries a Chern number C = 1. When the resistance is 
plotted as a function of φ and n, the Streda formula causes gaps of Chern number C to appear 
as distinctive linear features, the so-called Landau fan. In the case of a free particle with λ = 0, 
gaps of all Chern numbers appear at every flux and never close (for small field below the 
Hofstaeder regime), so the lines in the Landau fan are never broken. We will now see that 
taking λ nonzero causes gap closings at critical values of the magnetic field. At these points, 
we expect to see low resistance peaks interrupting the lines of the Landau fan observed in the 
experiment, as shown in Fig. 10.  
  
 
 
Extended Data Fig. 10 ǀ Schematics of LL crossings. We illustrate how a level crossing in 
the Landau level spectrum affects the Landau fan. (a) We show two Landau levels each 
carrying Chern number C = 1 intersecting at a critical magnetic field B*. For generic B, there 
will be gaps with Chern number C-1, C, and C+1. At B* exactly, there are only C+1 and C-1 
gaps because the C gap closes. (b) Here we show the Landau fan, which show how the gaps of 
Chern number C change their carrier density n as the magnetic field is varied. The Streda 
formula guarantees linear trajectories with slope 1/C for a gap of Chern number C. However, 
at B* where the gap closes, we expect a break in the trajectory where the bulk conductivity is 
high. Under experimental conditions, this gap will be broadened into a finite region.  
 
 
 
Extended Data Fig. 11 ǀ Calculated Landau level spectrum. We show the Landau levels of 
the Rashba Hamiltonian, and indicate the level crossings with red dots. These level crossings 
appear in “magic series” that we obtain expressions for at the end of this section.  
 
In order to discuss the band crossings, we will make another rescaling and let B = ξb 
where b is a dimensionless field strength. Then we can rewrite the Landau levels as arising 
from two branches 
 
 
 
with all the parameter dependence factored into an overall energy scale. As such, the critical b 
values where the Landau levels intersect are independent of all the parameters of the 
Hamiltonian. The Landau levels and their level crossings are shown in in Fig. 11. One may 
  
 
verify algebraically that only three types of crossings can occur: intersections of the E+,ℓ(b) and 
E-,ℓ’(b) levels for ℓ′ ≥ ℓ + 2 (denoted by b+(ℓ, ℓ′)), intersections of E-,ℓ(b) and E-,ℓ’(b) (denoted 
by b−(ℓ, ℓ′)), and intersections of E-,ℓ(b) E0 (b). These crossings occur at 
 
 
 
which express the crossings in terms of the Landau level index. Using this expression, we will 
now determine the succession of level crossings which interrupt gaps of Chern number C, as 
observed experimentally in Fig. 3C of the Main Text. We being by studying the large b limit, 
where the Landau levels take the form 
 
 
 
We see directly that E+,ℓ(b)− E−, ℓ+1(b) = 2ℓ + 1 + O(1/b) and ∂bE+,ℓ(b) = ∂bE−,ℓ+1(b) to 
O(1/b2). We also see that the ordering of levels is E−,1 < E+,0 < E−,2 < E+,1 < E−,3 < E+,2 < … . 
The levels are organized into pairs of “parallel levels” E−,ℓ+1  and E+,ℓ which are gapped from 
each other and have the same slope to leading order in b. We can organize the large b spectrum 
into two kinds of gaps, those between the parallel levels E+,ℓ and E−,ℓ+1 (hence having an odd 
number of Landau levels below), and those separating neighboring pairs of parallel levels 
(hence having an even number of Landau levels below). Recall that b = B/ξ is dimensionless, 
so the physical meaning of large b depends on the Rashba coupling. As we will prove shortly, 
the critical value of b for which the largest-b gap of Chern number C closes depends on C. For 
C=4, Fig. 11 gives b ~2.5 (we will shortly give an exact expression.) From experiment, we find 
ξ ~ .18 corresponding to a value of φ ~ .45, or B ~ 10 T. This is larger than can be currently 
reached in experiment, but smaller fields gaps closings, to be discussed after, are observable.  
 
We now want to determine where these gaps first close as b is decreased from infinity. 
We first consider the even Chern number gaps of C = 2ℓ + 2, l = 0, 1, . . . between E+,ℓ(b) and 
E−,ℓ+2(b). The two levels E+,ℓ(b) and E−,ℓ+2(b) are not parallel and the gap closes when they 
intersect at b+(ℓ, ℓ + 2). Rewriting this crossing in terms of ℓ= (C-2)/2, we find that the initial 
gap closing (indexed from zero) for C = 2,4,6... is given by 
 
 
 
We now consider the odd Chern number gaps of C = 2ℓ + 1, ℓ = 1, 2, . . . in between 
E−,ℓ+1 and E+,ℓ. Because these levels are parallel, the gap closing happens in a manner different 
to the even C case. The parallel E−,ℓ+1 and E+,ℓ levels will both be crossed by the neighboring 
levels of different slopes, respectively E+,ℓ−1 and E−,ℓ+2, but these crossings do not close the C 
= 2ℓ + 1 Chern gap. Only once E+,ℓ−1 and E−,ℓ+2 cross at b+(ℓ−1, ℓ+2) does the C = 2ℓ + 1 gap 
close.  Writing b+(ℓ−1, ℓ+2) in terms of the Chern number yields 
 
 
 
  
 
The case of C = 1 may be analyzed separately, but we will not need to do so because 
the C=1 gap closings appear very close to the band gap in Fig. 3 of the Main Text where the 
very large resistance obscures the theoretical gap closings.  
 
        
 
Extended Data Fig. 12 ǀ Structure of gap closings. (a) The local structure of the next (smaller 
b) Chern number C gap closing, shown in orange, after the level crossing of E−,ℓ and E+,ℓ+1 , 
shown in red. (b) The local structure of the series of Chern number C gap closings that occur 
below E = 0. Note that the crossing are all between levels in the negative branch. These gap 
closings only appear for b ≤ b-(1,2) = 1/6.  
 
With the large b gap closings understood, we would like extend these formulae to the 
cascade of additional gap closings that occur at smaller b. We will first consider the successive 
gaps that close due to a crossing with a level from the positive branch. In this case, the local 
levels for b < b+(ℓ +1, ℓ‘) appear as in Fig. 11a. The upper and lower levels are from the positive 
branch: E+,ℓ+1 and E+,ℓ respectively, which must be so because the positive branch is monotone 
increasing in ℓ. Note that we have assumed that ℓ ≥ 0 so E+,ℓ is an allowed level. The right and 
left levels E−,ℓ′+1 and E−,ℓ′ are from the negative branch and their ordering is determined by 
noting that E−,ℓ(b) is monotone increasing in ℓ when E−,ℓ(b) > 0. Because we assume ℓ ≥ 0 and 
E+,ℓ(b) ≥ 0 for all nonzero b, then crossings of E−,ℓ′+1(b) with E+,ℓ(b) occur for E−,ℓ’+1(b) > 0. 
Hence we see that, if there is a gap closing for Chern number C  at b+(ℓ +1, ℓ‘), the next gap 
closing will occur at b+(ℓ, ℓ‘+1). By repeating this argument starting with the m = 0 gaps 
deduced above, we find that the mth gap for C = 2ℓ +2 occurs at b+(ℓ−m, ℓ+2+m) for m ≤ ℓ 
and the mth gap closing for C = 2ℓ +1 occurs at b+(ℓ−1−m, ℓ +2+m) for m ≤ ℓ−1. Writing the 
crossings in terms of the Chern number, we find 
 
 
 
and it is direct to verify that the m = 0 case matches with the formulae for bC,0 derived earlier. 
After crossing the E+,0 level, the all further gap closings happen when different levels from the 
negative branch intersect. Consider the Chern number C gap closing of E+,0 and E−,ℓ. 
Decreasing b, the next band to intersect E+,0 is E−,ℓ+1, and the next band to intersect E−,ℓ is E−,1. 
The Chern number C gap closes at b−(1,ℓ + 1) when E−, ℓ+1 and E−,1, both in the negative branch, 
cross. At this point, all crossings appear in the structure of Fig 11b which gives the ordering of 
  
 
the bands. To derive this, consider a crossing between E−,ℓ′-1 and E−,ℓ. Using the explicit form 
of b-(ℓ, ℓ’-1), we find that, for decreasing b, E−,ℓ′-1 is next crossed by E−,ℓ+1 and E−,ℓ is next 
crossed by E−,ℓ’. Hence, the Chern gap is closed when E−,ℓ+1 and E−,ℓ’ cross at b-(ℓ+1, ℓ’). By 
repeating this argument, we find that the nth crossing after E+,0 is given by b−(ℓ + n, n). In terms 
of the total number of crossings m, we find gap closings at b−(m−ℓ, ℓ +2+m), m > ℓ for even 
C and at b−(m−(ℓ−1), ℓ+2+m), m > ℓ−1 for odd C > 1. Writing the crossings in terms of the 
Chern number, we find 
 
 
 
which, along with bC,m ≤⌊(C−2)/2⌋, we refer to as a “magic series.” In fact, it can easily be checked 
that bC,m ≤⌊(C−2)/2⌋ and bC,m >⌊(C−2)/2⌋ are dual to each other under ⌊(C-2)/2⌋ ↔ m, although we will 
not make use of this property. The gap closings calculated with the magic series are overlaid 
with the Landau level spectrum in Fig. 3C of the Main Text.  
 
The magic series allow us to determine all the gaps m = 0, 1, . . . in the Chern number 
C Landau fan. As noted earlier, all the parameters of the Rashba Hamiltonian factored out into 
an overall energy scale and magnetic field scale. Hence, all ratios of the terms in the magic 
series are parameter-independent, allowing for extremely stringent tests of the Rashba 
approximation. Remarkably, we find very good agreement with the experimental data, as 
shown in Fig. 3D of the Main Text. To find ξ, the scale of the magnetic field, it is convenient 
to note that on the self-dual line m = ⌊(C-2)/2⌋ (which maps to itself under ⌊(C-2)/2⌋ ↔ m), 
we calculate the simple relation 
 
 
 
Thus when the resistance is plotted as a function of 1/B = 1/(ξb) and C as in Fig. 3D of the 
Main Text, the gap closings in the bC,⌊C/2⌋−1 trajectory appear linearly with slope ξ−1. We fit the 
magic series to the Landau fan data by identifying the linear trajectory and calculating ξ from 
the slope. This fixes all of the remaining predicted gap closings, and we find excellent 
agreement with the experimental results. By calculating the slope of the linear trajectory on the 
electron side in Fig. 3D, we find the value  ξ  = 1/5.3 = .186, emphasizing that this is in units 
where ħ = e = Ω  = 1.  
 
9. Estimation of Corrugation Parameters: 
Our measurement of ξ from the experimental data imposes constraints on the 
corrugation parameters w0 and w1 which determine the band structure of the Bistritzer-
MacDonald Hamiltonian. In principle, we can use the Bistritzer-MacDonald band structure to 
numerically determine ξ(w0,w1). Our measurement of ξ places a strong constraint on the 
allowed values of w0 and w1. However, we first must discuss the approximations made in 
applying the Rashba-like Hamiltonian. Importantly, the Bistritzer-MacDonald Hamiltonian 
only has C3 symmetry, whereas the Rashba Hamiltonian has full rotational symmetry. 
Generically, we expect additional low-order terms to correct the Rashba Landau level spectrum 
by breaking the full rotational symmetry to three-fold symmetry. However, the excellent fit of 
  
 
data to the magic series leads us to believe that such symmetry-breaking terms are small, at 
low chemical potential in the higher-energy bands. This also guides our constraint of w0 and 
w1.  
 
To extract and effective ξ from the band structure of the Bistritzer-MacDonald 
Hamiltonian, we study the B=0 properties of the Rashba Hamiltonian. The band structure is 
given by 
 
 
 
from which we note that |k|=0 and |k|=2mλ = ½ ξ2 have the same energy, E(k) = 0. Hence the 
E(k) = 0 equi-energy contour gives the value of ξ. For C3-symmetric perturbations, to the 
Hamiltonian, the average |k| along the contour gives an effective value of ξ, and the deviation 
of the contour Δ gives an estimate of the perturbation, as shown in Fig. 12a. We observe that 
the trigonal warping gets stronger for decreasing w1, leading us to expect w1 > .95. In this 
regime, ξ smoothly varies as a function of w0. In the electron side at filling n = +4, we find ξ ~ 
.18 leading us to estimate .7 ≤ w0 ≤ .8. On the hole side at n = -4, we find ξ ~ .135 indicating a 
breaking of particle-hole symmetry as is expected. For simplicity, we have not incorporated 
particle-hole breaking in the Bistritzer-MacDonald Hamiltonian: our estimates of w0 and w1 are 
hence valid up to (small but non-negligible) particle-hole symmetry breaking effects.  
 
      
 
Extended Data Fig. 12 ǀ Band-structure parameters. (a) We sketch the E = 0 Fermi surface 
for a Rashba-like Hamiltonian at zero magnetic field with a C3 - symmetric perturbation. The 
average |k| gives an effective Rashba coupling ξ (shown by the dashed line), and the deviation 
Δ (shown in red) gives an estimate of the C3 - symmetric perturbation. (b) We plot ξ as a 
function of w0 and w1. (c) We plot Δ as a function of w0 and w1. We note that w0 < w1 is imposed 
as a feature of the Bistritzer-MacDonald Hamiltonian that matches STM experiments (1,2).  
 
10. Analytic Expressions for the Rashba Hamiltonian from Perturbation Theory  
Here we study the Bistritzer-MacDonald analytically to obtain expressions for the effective 
Rashba Hamiltonian for the lower two bands. In Ref. 42 we invent a perturbation theory to 
construct the Hamiltonian of low energy bands from the MacDonald’s model. The bases of 
MacDonald’s model form an infinitely large lattice in the momentum space. In practice, one 
needs to set a cutoff of this lattice to obtain the Moire band structure. We find that the band 
dispersion of the lowest bands numerically converge to machine precision within only two 
shells of the lattice. Therefore, the two-shell model faithfully describe the low energy physics. 
We then, from this two-shell model, construct a two-band model for the lowest two bands and 
  
 
a two-band model for the higher two bands. Here we only give the expression of the higher 
two-band model: We will find that trigonal distortion terms appear to correct the Rashba form 
studied above, and we make simple estimates of the expected corrections in the energy 
spectrum.  
 
Following this method, we obtain the Hamiltonian 
 
 
where E0 is O(1), d0(k) is O(k2), di(k) are O(k), and σi are the Pauli matrices. Terms at any 
order may in principle be obtained in this manner. Expressions for the coefficients are as 
follows: 
, 
, 
, 
, 
. 
We remark that, in contrast to the analysis of the prior section, we work in a convention 
where the Brillouin zone has area 3√3/2 / Ω in order to simplify the expressions. We also 
choose units of energy such that vF kD =1, where vF is the Fermi velocity and kD is the Moire 
wavevector. Although the expressions are complicated in the chosen basis, they result in a 
simple zero-field spectrum given by 
 
as can be obtained by direct diagonalization. We note that because we neglect terms of order 
O(k2) in the di(k) coefficients, the effective mass is not well approximated at this order in 
perturbation theory. In addition, all possible C3-symmetric terms at O(k2) are also fully 
rotationally symmetric, so there is no appearance of trigonal warping at this order. We have 
checked higher order corrections, and we indeed see terms that break the full rotational 
symmetry to C3 at O(k3) in the spectrum. We show the comparison of the perturbative and 
exact spectra for w0= .8/√3, w1 = 1/√3 in Fig. 13 and observe that the linear Rashba term is 
in good agreement, as expected at the given order in perturbation theory.  
 
  
 
 
Extended Data Fig. 13 ǀ Rashba band-structure for different band parameters. We plot 
the perturbative Rashba spectrum (blue) against the Bistritzer-MacDonald spectrum (red) along 
the Γ𝑀 line and find good agreement near the Dirac point where the Rashba coupling 
dominates. Because we neglect terms of O(k^2) in di(k), the effective masses are not expected 
to match properly. We have shifted E(k=0) to zero for ease of comparison. We have obtained 
the other quadratic terms, and leave their analysis for future work. 
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